at 390C, the restrictive temperature. Subsequently, quantitative studies using [3H]thymidine incorporation and characterization of viral DNA on cesium chloride density gradients showed that mutants in groups G and 0 are DNA'; i.e., they make <20% of wild-type (WT) DNA levels at 390C (1). Additional studies showed that mutants in three additional groups, K, L, and M, are DNAt (P. A. Schaffer, personal communication).
Temperature-sensitive (ts) mutants in a surprisingly large number of complementation groups of herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2) are deficient in DNA polymerase induction at the restrictive temperature (1, 6, 16) . Schaffer et al. (18) isolated and characterized 22 mutants in 15 complementation groups; mutants in four groups, A through D, failed to synthesize viral DNA (DNA-) at 390C, the restrictive temperature. Subsequently, quantitative studies using [3H]thymidine incorporation and characterization of viral DNA on cesium chloride density gradients showed that mutants in groups G and 0 are DNA'; i.e., they make <20% of wild-type (WT) DNA levels at 390C (1) . Additional studies showed that mutants in three additional groups, K, L, and M, are DNAt (P. A. Schaffer, personal communication).
We have examined the induction of polymerase by these mutants in some detail (1; Purifoy, unpublished data). Of these nine groups that contain DNA-or DNAt mutants, those in three (A, K, and M) induce normal levels of polymerase at 390C and are apparently defective in proteins other than polymerase, which are required for DNA synthesis. Mutants in two groups, B and L, are regulatory mutants in that at least one a polypeptide (designated VP175 or ICP4) accumulates and,8 and y proteins are not made in normal amounts (3) . Low levels of polymerase induction by these mutants are probably an indirect consequence of failure of an a protein function. Of the remaining groups containing mutants deficient in DNA synthesis, mutants in groups G and 0 induce small amounts of polymerase, whereas none is detected with mutants in groups C and D.
To determine if any of the mutants were defective in the structural gene for DNA polymerase per se, we tested the thermolability of DNA polymerase in crude enzyme extracts from mutant-infected cultures at the permissive temperature (1) . The polymerase induced by various mutants was found to have a heat lability similar to that of WT polymerase. Such tests are not conclusive since a number of components of crude enzyme extracts can influence the apparent heat inactivation, including proteases, nucleases that may degrade the exogenous template used, and DNA, which is reported to stabilize HSV polymerase (10; Purifoy and Powell, unpublished observations). In vivo temperature shift experiments in which cultures were held at permissive temperature until polymerase was induced and then shifted to nonpermissive temperature with or without cycloheximide indicated that the polymerase induced by mutants in groups C and D, but not in groups A or B, was extremely thermolabile compared with WT enzyme (1) .
We have recently developed a purification procedure for the HSV-1-induced DNA polymerase (14a) . This procedure allowed the identi-fication of a 150,000-molecular-weight polypeptide that is associated with polymerase activity. This polypeptide comigrates with an infected cell-specific polypeptide previously designated ICP6 for HSV-1 (8) and ICP10 for HSV-2 (14) .
One unique feature of the HSV-induced polymerase is its extreme sensitivity to the compound phosphonoacetic acid (PAA) (12) . Purified enzyme is inhibited by 50% when 1 ,ug of PAA per ml is included in enzyme reaction mixtures (14a). PAA also inhibits the replication and plaque formation of HSV, but much higher concentrations of PAA are required in vivo (13) . A number of investigators have isolated phosphonoacetate-resistant (Pr) mutants, which can replicate in high concentrations of PAA and which induce a Pr DNA polymerase (7, 9) . Honess and Watson (9) demonstrated the usefulness of Pr mutants for genetic analysis by threefactor crosses. Furthermore, resistance of Pr mutants and Pr recombinants was correlated with Pr DNA polymerase activity. In addition, recombinant viruses were either completely resistant or sensitive to PAA, suggesting that the DNA polymerase is the sole determinant of PAA sensitivity.
This report describes the surprising finding that whereas most HSV-1 ts mutants are sensitive to PAA, HSV-1 tsD9 is resistant. Additional analysis of the PAA-resistant characteristics of tsD9 and three-factor recombination analysis using PAA as the third unselected marker are presented.
MATERIALS AND METHODS
Cells, virus, and virus assay. Human embryonic lung fibroblasts and HEp-2 and Vero cells were grown as described previously (4, 16) . Water-jacketed C02 incubators (Wedco, with solid-state control regulators to minimize temperature variations ±0.20C) were used for petri dishes and 24-well tissue culture panels (Linbro Disposo Trays, Linbro Chemicals Co., New Haven, Conn.). The isolation of the 22 ts mutants of HSV-1 (KOS) has been reported previously (17, 18) , and G. Aron 2 x 100. The location of the PAA locus in relation to the two ts mutants in each cross was determined by standard genetic analysis; i.e., the PAA allele predominating in the selected ts' recombinant class indicates that the PAA locus is located closer to the ts mutant used in the cross, which contained the alternative PAA allele. A similar analysis was done with HSV-1 and -2 ts mutants using the syn allele for three-factor cross analysis (2, 21 (3) .
In an attempt to separate the Pr and ts lesions in D9, the virus was plated on Vero monolayers at 340C, and 10 well-isolated plaques were picked and subcultured. All 10 isolates plated with equal efficiency ±PAA at 100 ug/ml (data not shown). More exhaustive efforts to separate the possible double mutations were not done. As a second approach, revertants of tsD9 to ts+ phenotype were sought. Normal stocks of this mutant show no revertants, but when plated at lowest dilutions, usually 10'1 and 10-2, a mottled appearance of leak is observed due to cell killing by the high input of particles at these dilutions. tsD9, as well as other mutants in this series, when used at high input multiplicity at restrictive temperature, causes cell killing and cytopathic effect without appreciable replication (4). Table 2 shows tests of 8 subcultures of tsD9, only one of which exhibited revertants, and in this case at a "jackpot" level. Ten well-isolated plaques were picked from the terminal dilutions with plaques at 390C, and subcultures were prepared and tested for plating efficiency at 34 and 390C ±PAA (Table 3 ). All plaques isolated were ts+ in character, and each exhibited sensitivity to PAA.
Since the reversion frequency of tsD9 to ts+ is quite low, and all revertants tested were derived from one culture, these isolates are most probably "sister revertants," although some variation in efficiency of plating (+PAA/-PAA) Table 4 shows the stocks of ts Pr virus used in this study along with the wild-type strain KOS Pr, the method used to obtain these stocks, and their efficiency of plating under either temperature or PAA selection.
Three-factor crosses to locate the PAA locus in relation to the ts lesions. The size of plaques formed by pr mutants in the presence of PAA was slightly smaller than normal. Figure  1 shows results ofplating efficiencies ofa number of pr and P mutants of HSV-1. PAA was included in overlays at 50, 75, or 100 jug/ml. A few P mutants, notably tsG8, formed tiny microscopically visible plaques at concentrations of 50 and 75 ,ug/ml. We therefore used 100 ,ug of (19) . A few exceptions were noted, e.g., tsB21 versus either tsG8 or tsO22 ( Table 5 ). The variation observed in these tests appears greater than that previously published but similar to that encountered in other recombinational analyses with HSV mutants (2, 9, 21) .
The results shown in Table 5 indicate that Effect ofPAA on plaque formation by WT and mutant viruses. The efficiency ofplaque formation with various concentrations ofPAA in the methykellulose overlay was determined by using standard plaque assays. PAA-resistant mutants F18 Pr (U), C4 Pr (e), B2 pr (*), and D9 (0) formed plaques with equal efficiency at all concentrations of PAA tested. PAA-sensitive viruses G8 (0), A16 (e), and WT KOS (0) were all inhibited in plaque formation by PAA. A 100-pg/ml amount of PAA completely inhibited plaque formation by all sensitive viruses. recombinants formed in crosses between D9 or C4 and other ts mutants is presented in Table  6 . The proportion of ts+ recombinants that were pr in crosses with tsC and other mutants was low but always detectable. In no case was a single tS+ pr recombinant found in crosses of tsD9 versus other mutants. These data indicate that the pr lesion is extremely close to the ts lesion in D9, if not in fact one and the same lesion. PAA sensitivity of the DNA polymerase induced by various Pr and P HSV ts mutants. The PAA sensitivity of DNA polymerase induced by HSV-2 ts mutants and HSV-1 ts pr mutants isolated in this study was determined. HEp-2 cell monolayers were infected with 10 PFU/cell and incubated at 34WC, the permissive temperature. Cells were harvested at 18 h, when DNA polymerase activity is maximal (15) , and extracts were prepared and assayed for DNA polymerase as detailed previously (16) . PAA was included in reaction mixtures at concentrations from 0.1 to 5 ,ug/ml. Figure 2 shows the PAA sensitivity of DNA polymerase induced by various mutants. The polymerase induced by HSV-1 tsD9, and by all pr mutants isolated in this study, was significantly altered in PAA sensitivity. The polymerase induced by other ts mutants and by the revertant DR3 showed PAA sensitivity similar to that of the KOS WT enzyme. DISCUSSION Since the conclusions reached in this communication are predicated upon the previously published work in this area, it is pertinent to review briefly the relevant data. PAA was shown to inhibit the replication of HSV both in vivo and in vitro in cell culture (13, 20) ; furthermore, the compound inhibited herpesvirus DNA polymerase in vitro (11, 12) , suggesting that its action was on this enzyme. Mutants of HSV that were resistant to PAA (Pr) were isolated, and their polymerase was also resistant to the drug in in vitro assays (7, 9) . In their study of pr mutants, Honess and Watson (9) Two lines of evidence suggest that the ts lesion of tsD9 governs its resistance to PAA. First, ts+ revertants of tsD9 were found to be spontaneously sensitive to PAA (Tables 2 and 3 ). The reversion frequency observed here with tsD9 is lower than that described for other ts mutants (19) , which suggests that the lesion may be of an antimutator type. Second, recombination analyses using three-factor crosses with pr as the unselected third marker indicate that the ts lesion in tsD9 and the locus for PAA represent indistinguishable genetic loci. Collectively, these data demonstrate that common mutations to PAA resistance are in the structural gene for DNA polymerase.
Additional work is necessary to determine the nature of the ts lesions of mutants in complementation groups that fail to induce DNA polymerase. Of special interest are mutants in group C that induce polymerase at 340C, which is also thermolabile in in vivo shiftup experiments (1) . The data presented here indicate that tsC4 and tsD9 are closely linked, so that the recombination frequency between these two mutants is of the same magnitude or less than that reported for crosses between mutants within the same complementation group, for example, mutants within complementation groups B, F, and G (19) . Complementation observed between mu- A number of mutants that are DNA deficient were not used in the recombination analysis of this series of HSV-1 ts mutants, but mutants in groups G and 0 were found to be closely linked in a near-central position of the linkage map (19) . More recent analysis indicates that mutations in groups C and D as well as A, K, M, and N form a cluster near mutants in G and 0 (P. Schaffer, personal communication). Additional genetic analysis using the pr marker, which is closely linked to this region, should allow unequivocal ordering of these mutants.
The PAA resistance of tsD9 correlating with its temperature-sensitive lesion suggests the interesting possibility of the reciprocal result; i.e., a certain proportion of mutants selected for PAA resistance may exhibit temperature sensitivity. Experiments are in progress to test this possibility as a means to obtain numerous independently derived ts lesions in the structural gene for the herpes-induced polymerase.
